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 The popularity of Unmanned Aerial Vehicle (UAV) photogrammetry is growing worldwide due 
to its low-cost advantage in collecting high-resolution 3D topographic models. This research 
aims to ascertain the impact of Ground Control Points (GCPs) located on building roofs on 
facade accuracy. A UAV survey covering 10.37 hectares was conducted to achieve this goal. 
The research utilised 91 GCPs for geo-referencing, with 38 on the ground and 53 on the roofs 
of the buildings in the area. Images were obtained with three different flight patterns: single 
(S), double (D), and circular (C), which represent flight routes. The images acquired from the 
flights have been subjected to two distinct GCP configurations, and two models were obtained 
for each flight pattern. The point cloud produced by a robotic total station was used to ensure 
the accuracy of the facades of the buildings in the models. The standard deviation (std. dev.) 
of the distances between the points on the facade and the reference planes (RPs) were used as 
a measure of accuracy. The std. dev. values of the model facades were compared by each other 
while considering the number of points of the surfaces. Average std. dev. values of the models 
fluctuate within a range of 7 to 11 cm.   
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1. Introduction  
 

Recent improvements in hardware and software have 
enabled the use of Unmanned Aerial Vehicles (UAVs), 
known as drones, for accurate 3D modeling [1-4]. With 
the growing use of UAVs, various software packages have 
been developed that enable photogrammetric or 
structure-from-motion (SfM) analysis [5]. Using image 
sensors, UAV photogrammetry can extract 3D geometric 
information and point clouds from overlapping photos 
[6, 7]. For 3D reconstruction, plenty of photogrammetric 
software and tools are available, both open-source and 
commercial [8]. Typically, these software adhere to a 
five-step approach to achieve 3D photogrammetric 
reconstruction: identifying and matching features, 
determining the position of points using triangulation, 
generating a detailed point cloud, creating a surface or 
mesh representation, producing a digital surface model, 
and generating an orthophoto [9]. Nowadays, practically 
every mapping project, including those in the fields of 

agriculture [10], forestry [11], archaeology [12-15], 
emergency management [16], open mine [17], road 
monitoring [18, 19], and shoreline detection [20], uses 
UAV sensors and platforms [21]. Using SfM computer-
vision software and current photogrammetry concepts, 
UAVs can create ultra-high-resolution orthomosaics and 
high-density point clouds [22-25]. 

The accuracy and quality of the outputs obtained by 
UAV photogrammetry are crucial for many types of 
research like mapping, 3D modeling, and so on [26]. 
Positional correctness refers to the degree of proximity 
between these values and the object's actual position. 
The desired level of positional accuracy varies depending 
on the requirements of the study [27]. It's evident from 
the literature that some photogrammetric parameters 
(GCP, altitude, etc.) affect the model’s accuracy [28-31]. 
Those that have the most significant impact on the 
output’s correctness include image overlap. This 
photogrammetric quantity expresses how much overlap 
exists between two parallel images and Ground Control 
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Points (GCPs), which are usually deployed as part of UAV 
mapping to georeference the images and topographic 
model [32]. For 3D modeling, a specific quantity of side 
and front overlap in images is needed. The overlap 
percentages will determine the number of flight lines, the 
number of images taken, and the interval between shots. 
In addition, flight patterns affect the number of images 
captured. Various flying patterns, such as single (S), 
double (D), and circular (C), can be generated depending 
on the necessary data and the dimensions of the research 
area [33]. 

GCPs are an essential part of the overall survey 
activity and play an important part in the procedure 
required to obtain accurate georeferenced positional 
data from UAV photogrammetry [34]. Because the 
accuracy of photogrammetric outputs is directly 
impacted by the GCPs used [35], numerous researchers 
have carried out a range of studies over the years to 
assess the accuracy of UAV products by varying their 
quantity and position of GCPs [36]. [37] analysed the 
effect of the number of GCPs on the accuracy of UAV-
photogrammetry outputs by using 72 points as GCPs and 
control points (CPs). Taking into account 4, 5, 6, 7, 8, 9, 
10, 15, and 20 GCPS, they made five replications of 
photogrammetric projects in which the distribution of 
GCPs was changing. The number of CPs ranged from 52 
to 69, depending on the number of GCPs utilised. They 
used RMSE values to analyse the accuracy of 45 projects 
in total. RMSE values were calculated using the GPS 
coordinates and orthoimage coordinates of CPs. They 
reached lower RMSE values for 15 and 20 GCPs. Their 
study suggests that horizontal and vertical accuracy 
increases as the number of GCPs increases. [38] 
investigated whether the 1:20, 1:50, 1:100, and 1:200 
scale accuracy requirements were met by the DJI 
Phantom 4 RTK drone. To do this, they chose a building 
with four facades and placed 109 signalised points (SP) 
on each facade, whose coordinates were measured with 
a total station. They collected images for each facade in 
both RTK and NRTK modes with manual flight. For 
evaluation, they adopted the Single-Façade (S-F) 
approach, in which each facade is considered separately, 
and the 4-Façade (4-F) approach, in which the four 
facades are evaluated together. During the evaluation 
phase, they applied three different strategies: (1) no GCP, 
(2) one GCP close to the building, and (3) one SP on each 
facade as GCP. They observed that with the S-F approach, 
metric standards for the 1:50 scale were met without 
using GCP, but for the 4-F approach, strategy (3) had to 
be used. They also concluded that the best results were 
achieved with this strategy. [39] tested the impact of 
different GCP distributions on the accuracy of spatial 
data obtained from UAV photogrammetry according to 
four configurations. He used a total of 21 GCPs (measured 
by RTK GPS) as control points and checkpoints for 
georeferencing and accuracy assessment. Four GCPs 
were on the roof of the building and the remaining were 
fixed and distributed within the garden and parking 
areas. In four different configurations, while the number 
of control points varied between 3 and 7, the remaining 
points were used as checkpoints to assess spatial 
accuracy. The best horizontal and vertical accuracy was 

achieved in the configuration where 7 GCPs (one in the 
centre and the rest at boundaries) were utilised for geo-
referencing, and RMSE values ranged between 0,04 and 
0,06 m. 

In addition to the studies above, much research has 
been conducted to investigate UAV accuracy in relation 
to the quantity and distribution of GCPs [29]. 
Nevertheless, these studies evaluate accuracy generally 
point-by-point, based on the discrepancy between the 
UAV and GPS coordinates of GCPs that are not utilised for 
georeferencing [40-42]. Moreover, vertical evaluation is 
generally executed through GCPs located on the 
horizontal plane, not on the vertical plane like building 
facades. But, facade models of buildings have a crucial 
role in many studies, such as urban planning, disaster 
management, sustainable development research, solar 
radiation estimations, etc [43,45]. Thus, having accurate 
information on building facades and accurate analysis of 
them according to GCPs would be beneficial. 

This study aims to ascertain how GCPs positioned on 
building roofs affect facade accuracy. To accomplish this 
task, a UAV survey was conducted in an area of 10.7 ha. 
The geo-referencing process involved 91 GCPs, with 38 
on the ground and 53 on the roofs of two buildings. S, D, 
and C flight patterns were adopted, and the images 
obtained from autonomous flights were processed twice 
by using 38 GCPs (only GCPs on the ground) and 91 GCPs 
to determine whether the 53 GCPs placed on building 
roofs would improve the facade accuracy of buildings. In 
order to conduct a comparative analysis, reference point 
cloud data of the buildings was gathered using a robotic 
total station, ensuring that the data had a sufficient 
number of points. Joint surfaces chosen over the 
buildings were used to calculate the standard deviation 
(std. dev.) of the distances between model points and 
reference planes generated from the reference point 
cloud. 
 

2. Material and Method 
 

2.1. Study area 
 

The study area is located in Samsun, a city in northern 
Türkiye, and spans 10,37 hectares on the campus of 
Ondokuz Mayis University. The region has a wide variety 
of topographical features, including buildings, roads, 
sidewalks, and vegetated areas. The three-dimensional 
(3D) models of Engineering Faculty buildings within the 
region are the main interest of this study. The 
engineering faculty consists of two buildings: the main 
building with six floors and the outbuilding with two 
floors (Figure 1). 
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Figure 1. Study area (a: location map, b: the buildings) 
 

2.2. Ground control points (GCPs) 
 

To georeference the point clouds generated from UAV 
images to a global coordinate system, three groups of 
GCPs surveyed using global navigation satellite system 
(GNSS) techniques were utilised (Figure 2). For the first 
GCP group, composed of 11 points, four hours of static 
GNSS observations were carried out using multi-
frequency Topcon HiperPro GNSS receivers. 

 

 
Figure 2. GCPs (a: static measurement points that are red 
triangle points, b: RTK measurement points on the 
ground that are blue circle points in the figure, c: RTK 
measurement points at the top and top corner of the 
buildings that are yellow circle points) 

 

The static data from continuously operating reference 
stations at 1-second intervals is used to guide static 
processes. One of these points is a concrete pillar, and 10 
of these points were marked to the ground with a huge 
metal screw, and to ensure visibility in the images, they 
were painted red (Figure 2a). The second GCP group 
consists of 27 temporal points marked on the ground 
using vinyl (Figure 2b). The third GCP group consists of 
53 points painted red on the top and top corners of the 
buildings (Figure 2c). The second and third GCP groups 
were surveyed using Network Real Time Kinematic 
(NRTK) techniques. GCPs were projected onto the UTM 
zone 36N coordinate system in the datum of the ITRF96 
2005.0 epoch. 
 
2.3. Ground control points (GCPs) 
 

The DJI Phantom 4 Pro was used to collect data with 
a 20-megapixel CMOS sensor, measuring one inch, with a 
f2.8–/f11 wide-angle lens with an equivalent focal length 
of 24 mm. The study area was flown by three flight 
patterns: Single (S), Double (D), and Circular (C) (Figure 
3). 

 

 

Figure 3. Flight patterns 
 

The UAV flew autonomously, following a 
preconfigured route on each flight. In the S pattern, 
forward and side overlaps were fixed at 80% and 70%, 
respectively. The flight altitude was constant above 
ground level, resulting in an average ground sampling 
distance (GSD) of 1.59 cm/pixel. One flight was enough 
to cover the study area, and a total of 244 images were 
obtained after a flight of 14 minutes. The D pattern 
overlaps the same forward and side with the S pattern. A 
total of 1056 images with an average GSD of 1.24 
cm/pixel were taken during four flights lasting 60 
minutes in total. In the C pattern, two flights, each lasting 
eight minutes, were flown around two Engineering 
Faculty buildings. The side overlap was fixed at 90% for 
both buildings, and a total of 295 images of the scene 
were obtained. 

Pix4Dmapper software was utilised to conduct the 
photogrammetric process. The software's accuracy has 
been proven to be satisfactory in many studies [9, 44]. To 
evaluate the effect of GCPs positioned on roofs, each 
flight was processed with two GCP configurations, thus 
making a total of six models (Table 1). 
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Table 1. Process parameters and results 

Flight Pattern 
Number of 
GCPs 

RMSE 
(cm) 

Number of 
Points in the 
Clouds 

S 
38 5 154,959,527 

91 2.9 148,203,420 

D 
38 2.4 113,866,660 

91 1.9 115,806,788 

C 
38 3.5 23,905,969 

91 2.8 25,158,098 

 

2.4. Reference point cloud 
 

A highly sensitive TS16 robotic total station was used 
to gather the reference point cloud, which was then used 
to assess the facade accuracy of the generated models. 
Eleven GCPs acquired through the static measurements 
shown in Figure 2 were utilized for this purpose. This 
device, which can automatically scan the grid between 
selected points and with specified vertical and horizontal 
angle ranges, has a non-prism measurement range of 1-
1000 m and a precision of 2 mm + 2 ppm with a minimum 
angle reading of 0.3 mgon. After choosing 0.2 gon for the 
horizontal and 0.5 gon for the vertical grid scanning 
intervals, a reference point cloud with 157,916 points 
was produced (Figure 4). 
 

 
Figure 4. Reference point cloud 
 
2.5. Accuracy evaluation method 
 

For the accuracy analysis of the facades in the 
produced models (which we will refer to as Model Facade 
– MF), the std. dev. values of the distances between the 
points in MF and reference planes (RP) were calculated. 
Nine facades (F1 – F9) on buildings were determined to 
be used for comparison while guaranteeing that facades 
were from all directions and that these facades had 
enough points to form an RP (Figure 5). 
 

 
Figure 5. The facades chosen for the accuracy 
assessment of the models 
 

RPs were generated in two steps using the Cloud 
Compare v2.12.4 software. First, the segmentation step 
(Figure 6a), in which the extraction of facades from the 
reference point cloud was performed, followed by the 
step of fitting a plane to the points in the extracted 
facades (Figure 6b). 
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Figure 6. Reference planes. 6a: the segmentation step 6b: 
plane fitting step 
 

The same segmentation step was performed with the 
models to produce MFs. Then, the std. dev. value of the 
distances between the points of MFs and RPs was 
computed according to equation (1): 
 

 

𝑠𝑡𝑑. 𝑑𝑒𝑣. = √
1

𝑛
∑(𝑑𝑖 − 𝑑𝑚𝑒𝑎𝑛)2

𝑛

𝑖=1

 

 
(1) 

 
Here, n is the number of points in the MFs, 𝑑𝑚𝑒𝑎𝑛  is 

the mean of the distances, 𝑑𝑖  is the distance between the 
model points and reference plane (Figure 7). 
 

 
Figure 7. The computation of the point/plane distance 
 

3. Results and Discussion 
 

The steps discussed in the previous section were 
carried out, and nine std. dev. values for each model (a 
total of 9 facades x 6 models = 54 std. dev.) were obtained 
for the facades of each model (Figure 8). There is 
conflicting evidence regarding whether GCPs installed on 
roofs increase the model facade’s accuracy. In the D 
pattern, while the model with 91 GCPs generated more 
accurate results for F1, F2, F3, F7, and F9, the model with 
38 GCPs generated more accurate results for F4, F5, and 
F8. There is a similar situation between the models of the 
C pattern. 

 

 
Figure 8. The std. dev. values of each facade for three 
patterns (S, D, and C) with varying GCP configuration 
 

When std. dev. values for each facade are taken into 
account, F6 earned the poorest std. dev. values with a 
significant difference. It is because the UAV’s camera 
view angle was severely restricted due to its proximity to 
the flight boundaries in the area where F6 exists. The 
average std. dev. values of each pattern are changing in 
the 7-11 cm range. In the S pattern, the std. dev. of the 
model obtained using 91 GCPs is lower than the model 
values obtained using 38 GCPs, except for the F3 and F6. 
The modest std. dev. values were acquired for F5 in both 
models of the S pattern. Although it has been observed 
that placing the GCPs on the roof reduces the std. dev. 
values in the S pattern, the results obtained with the S 
pattern will be ignored for this study because they didn’t 
have enough points (even no data for some facades) that 
can define a plane (Figure 9). In the D pattern, both 
models (the D pattern with 38 GCPs and the D pattern 
with 91 GCPs) delivered identical std. dev. values for the 
majority of the facades, and their std. dev. means are 7 
and 8 cm, respectively. Therefore, unlike the S pattern, 
the placement of GCPs on rooftops did not reduce the std. 
dev. values in the D pattern. Both D pattern models (with 
38 GCPs and 91 GCPs) have enough points to define a 
plane in the facades except F6 and F7 (Figure 10). As for 
the C pattern, the models have identical results, just as in 
the D pattern. The average std. dev. values of C pattern 
models (with 38 GCPs and 91 GCPs) are 8 cm and 
produce enough points to define a plane in the facades, 
even for F6, unlike the S and D patterns (Figure 11). 

In many studies, how the number and distribution of 
GCPs affect the accuracy of UAV photogrammetry 
outputs is investigated by testing different combinations. 
The GCPs are typically placed at the corners or center and 
their numbers are incrementally increased to test the 
accuracy of UAV outputs. These tests use RMSE values 
between the GNSS coordinates, which are assumed to be 
more accurate, and the model coordinates of the GCPs 
which were not used in the geo-referencing process [42]. 
[41] stated that RMSE values improve incrementally up 
to a certain number of GCPs and that for the best results, 
GCPs should be uniformly distributed, with at least one 
GCP positioned near the center. In their study, [36] 
conducted geo-referencing using three different 
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scenarios, starting with 4 GCPs and increasing the 
number to 35. In the first scenario, the GCPs were 
distributed at the corners, in the second, they were 
centrally distributed, and in the third, they were 
uniformly distributed. To compare the accuracy of the 
resulting models, 30 CPs were used. The best horizontal 
accuracy was found in the first scenario with RMSExy ∶

0.033 m, and the best vertical accuracy was achieved in 
the third scenario with RMSEz ∶ 0.048 m. However, in 
these studies, model accuracy is assessed by comparing 
the model coordinates with GNSS coordinates using a 
relatively small number of CPs. While this is an important 
criterion for evaluating model accuracy at specific points, 
it provides limited information about the overall 
accuracy of surfaces with thousands of points, which 
include various components like buildings, trees, roads, 
and sidewalks. It is well-known that models obtained 
through UAV photogrammetry can contain noisy point 
data. For this reason, in our study, the accuracy analysis 
was conducted using all the points on the selected 
surfaces, and the results were expressed as the standard 
deviation of the distances from these points to the 
reference surfaces.  

One of the purposes of producing 3D models is to 
enable the modeling of buildings in the study area. 
Buildings are complex structures composed of various 
components, such as floors and facades. Therefore, 
conducting accuracy analyses based on CPs placed in 
areas unrelated to the building does not provide 
complete information about the accuracy of these 
buildings. In this study, accuracy analyses were 
specifically performed on building facades. Additionally, 
the impact of placing GCPs on rooftops on the accuracy of 
the building facades was also investigated. 
 

 
Figure 9. The point distribution and number of S 
patterns in each facade. The blue points demonstrate the 

S model acquired using 38 GCPs, and the red ones 
demonstrate the S model obtained using 91 GCPs 

 
Figure 10. The point distribution and number of D 
patterns in each facade. The blue points demonstrate the 
D model acquired using 38 GCPs, and the red ones 
demonstrate the D model obtained using 91 GCPs  
 

 
Figure 11. The point distribution and number of C 
patterns in each facade. The blue points demonstrate the 
C model acquired using 38 GCPs, and the red ones 
demonstrate the C model acquired using 91 GCPs 



International Journal of Engineering and Geosciences, 2025, 10(2), 164-172 
 

170 
 

4. Conclusion  
 

One of the newest mapping methods, UAV 
photogrammetry, provides high-resolution landscape 
data in a digital context. Researchers in earth sciences are 
particularly interested in its use for small-scale area 
surveys. The quantity and variety of GCPs can 
significantly impact the accuracy of the spatial data 
obtained from UAV photogrammetry. In prior research in 
the photogrammetric literature, the number of GCPs to 
employ in a standard aerial manned survey was 
examined. It’s common knowledge that increased use of 
control points improves accuracy. For UAV-based 
photogrammetry, these guidelines need to be applicable 
at first. However, achieving enough accuracy while 
minimising operating costs necessitates a compromise 
due to the high expenses associated with setting up GCPs 
over vast geographic areas. 

In this study, two different GCP configurations have 
been applied to the images obtained from three flights to 
analyse the effect of GCPs placed on the building’s roofs 
on facade accuracy. Two models were generated from 
each flight by using 38 GCPs (only GCPs on the ground) 
and 91 GCPs (including 53 GCPs on the roofs). In the S 
pattern, GCPs on the roof improved accuracy by up to 6 
cm on some facades. However, both models of the S 
pattern do not have enough points to determine a plane 
in these facades. Thus, they bear no meaningful results 
about the effect of GCPs on facade accuracy for this study. 
Moreover, the results of D and C patterns show that if the 
1 cm improvement is not important for the goal of the 
study, installing GCP on roofs would be a waste of time 
and effort. 
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